Superconductivity distorted by the coexisting pseudogap in the antinodal region of 
Bii.sPbo.ssSri.eLao^CuOe+s: A photon-energy-dependent angle-resolved photoemission 

study 
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The interplay between superconductivity and the pseudogap is an important aspect of cuprate 
physics. However, the nature of the pseudogap remains controversial, in part because different 
experiments have suggested different gap functions. Here we present a photon-energy-dependence 
angle-resolved photoemission spectroscopy (ARPES) study on Bii.5Pbo.5sSri.6Lao.4Cu06+« . We 
find that antinodal ARPES spectra at low photon energies are dominated by background signals 
which can lead to a misevaluation of the spectral gap size. Once background is properly accounted 
for, independent of photon energy, the antinodal spectra robustly show two coexisting features 
at different energies dominantly attributed to the pseudogap and superconductivity, as well as an 
overall spectral gap which deviates from a simple d-wave form. These results support the idea that 
the spectral gap is distorted due to the competition between the pseudogap and superconductivity. 

PACS numbers: 74.25.Jb, 74.72. Gh, 74.72.Kf 
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I. INTRODUCTION 

In the high-temperature (T c ) cuprate superconductors, 
the nature of the pseudogap, the mysterious state found 
above T c , is one of the greatest unresolved problems 1 . 
Owing to their close proximity on the phase diagram, the 
pseudogap is believed to have a close relation to super- 
conductivity, but whether it represents precursor Cooper 
pairs or a distinct order competing with superconductiv- 
ity is a continuing topic of discussion. Angle-resolved 
photoemission spectroscopy (ARPES) is an important 
technique for addressing this question 2 -, because ARPES 
can study the cuprates in a momentum-resolved manner, 
for instance, by specifically studying along the Brillouin 
zone boundary (the antinodal region) where the pseudo- 
gap is most pronounced. 

Important progress has been made recently by ob- 
serving the signatures of a second phase transition at 
T* in addition to superconducting transition at T c in 
Bi 1 . 5 Pbo.55Sri. 6 Lao.4Cu0 6 +,5 (Pb-Bi2201)£. Addition- 
ally, two distinct spectral features are observed in the 
antinodal region. The higher energy feature is associated 
mainly with the pseudogap having broken-symmetry 
nature 4 -, while the lower energy feature is associated 
mainly with superconductivity. These experiments sug- 
gest that the pseudogap cannot be interpreted in terms of 
precursor Cooper pairs, and instead, point to coexisting 
order in the high-T c ground state. The interplay between 
the two energy scales naturally explains the gap func- 
tion typically observed with moderate photon energies 



(hu ^20 eV) where the antinodal gap (Aan ~30 meV) 
strongly deviates from the near-nodal canonical d-wave 
form, A 1 cos k x — cos k y \/2 with A ~15 meV— . How- 
ever, the form of the gap function is still under debate as 
other ARPES experiments, particularly those performed 
at low photon energies (hv <10 eV), have reported a 
simple d-w&ve gap function all around the Fermi surface 
with Ao ~15 meV, and argued that it has a solely su- 
perconducting origi n 10 ^ 1 . Also, a recent ARPES study 
on Bi2201 using two different photon energies (21.218 
eV and 8.437 eV) has reported the coexistence of two 
gaps in the antinodal region at ~15 meV (8.437 eV) 
and ^30 meV (21.218 eV), which have been assigned to 
superconductivity and the "soft" pseudogap which does 
not distort the simple d-wave form of the spectral gap, 
respectively^ 2 -. The momentum dependence of the low 
temperature gap is debated in other cuprate systems as 
welli 3 - - — , though disagreement is most pronounced about 
Bi2201. It is important to investigate the photon energy 
dependence systematically to further understand the na- 
ture of the pseudogap. 

In this paper, we chose Pb-Bi2201 to study this prob- 
lem at various incident photon energies from 7 to 22.7 eV. 
We find that contradictory reports arise because ARPES 
spectra obtained at lower photon energies are generally 
contaminated with strong photoemission background sig- 
nals. Nevertheless, after background subtraction, the 
spectra show a robust coexistence of two energy scales in- 
dependent of photon energy. Also, the lower energy gap 
size smoothly deviates from the simple d-wave extension 
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of the near nodal gap. This is consistent with reports us- 
ing moderate photon energy hv ~ 20 eV, but inconsistent 
with reports using very low incident photon energy. This 
result strongly supports previous assignments of the two 
energy scales to the competing pseudogap and supercon- 
ducting orders, and highlights a strong distortion of the 
antinodal superconductivity by the coexisting pseudogap 
order—. 



II. EXPERIMENT 

A high-quality single crystal of optimally doped Pb- 
Bi2201 was grown by the floating zone method, and the 
hole concentration was optimized by sample annealing in 
7V 2 flowi T c was ~ 38 K and the pseudogap temperature 
T* was ~ 142 K ? . Pb doping significantly suppresses the 
super-lattice modulation which creates replica of the dis- 
persion in ARPES spectra. ARPES measurements were 
done at BL 5-4 in SSRL with a Scienta R4000 analyzer. 
The photon energy hv was varied from 8 eV to 22.7 eV. 
The energy resolution was 7-15 meV. For all photon 
energies, the polarization was linear and perpendicular 
to the measured cut. ARPES measurements using a 7 
eV laser and circular polarization were also performed 
with a Scienta 2002 analyzer. The energy resolution was 
~3 meV. The Fermi level was calibrated using a gold 
sample at each photon energy. The measurement tem- 
perature was ~7 K and the vacuum pressure was better 
than 4*10 -11 Torr. 



III. RESULTS AND DISCUSSION 

We observe strong contrast between the raw ARPES 
spectra at the moderate (^20 eV) and low photon en- 
ergies (<10 eV) obtained within the same experiment 
on the same sample. Figures QJa)-(d) show the antin- 
odal ARPES spectra along (7r,-7r)-(7r,0)-(7r,7r) taken at 
two different photon energies, 22.7 eV and 8 eV. At 22.7 
eV, [Fig. QJa)], the spectral intensity appears as an in- 
verted triangle centered at (ir,0) with a gap feature. The 
background intensity well away from the Fermi momenta 
(kp), estimated from the momentum distribution curve 
(MDC) at Ei^£, is negligible in the image. The inten- 
sity maxima in the energy distribution curves (EDCs) 
in Fig. [T] (b) show a dispersion down to ~ 85 meV at 
(tt,0), which coexists with a shoulder feature at ~ 30 meV 
that shows little dispersion. These coexisting energy fea- 
tures at 22.7 eV are consistent with previous reports at 
the same photon energy, and suggest the coexistence of 
superconductivity and a competing pseudogap^. Also, 
the energy position of the shoulder feature at ~ 30 meV 
strongly deviates from the canonical <i-wave gap function 
extrapolated from near nodal data which gives Ao ~ 15 
meV— . 

In strong contrast, the ARPES spectra taken at a low 
photon energy (8 eV) are almost featureless, as shown 
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FIG. 1. Recovery of the intrinsic spectral features by back- 
ground subtraction analysis in the superconducting state (7 
K) of Pb-Bi2201 (a),(b) Image plot and EDCs for the raw 
ARPES spectra along the antinodal cut taken at hv = 22.7 
eV. (c),(d) Image plot and EDCs for the raw ARPES spectra 
at hv — 8 eV. (e),(f) Image plot and EDCs after the back- 
ground subtraction for the 8 eV spectra. (g),(h) Image plot 
and EDCs after the MDC background subtraction for the 8 
eV spectra. The momenta for the background, kf, (t,0) are 
indicated by the lines, arrows and colored EDCs. Vertical 
dashed lines in (b),(d),(f) and (h) at 30 meV and open circles 
for the dispersion at higher binding energy are guide-to-the- 
eyes. (i) MDCs at selected energies for the raw spectra (hv 
— 8 eV). Solid curves are the raw spectra and dashed lines 
are the subtracted background, which are used to obtain the 
background spectrum shown in (h).(j) Schematic Fermi sur- 
face with the measured cut and incident photon polarization. 



in Figs. QJc) and (d). The intensity near is smaller 
and monotonically increases towards the higher binding 
energy. The EDCs show almost no momentum depen- 
dence along the measured cut. One can no longer clearly 
define a dispersing feature at higher binding energy and 
the shoulder feature at ~ 30 meV [dashed line in panel 
(d)] as in the 22.7 eV data. Instead, all the EDCs show 
a small and broad edge at much lower energy, 10-15 
meV, consistent with the previous ARPES studies using 
lower photon energies^—. 

There are two factors that can make the ARPES spec- 
tra look different from the single-particle spectral func- 
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tion. One is matrix elements and the other is background. 
The relative influence of each depends on incident photon 
energy and polarization 2 -. On face value, it is difficult to 
explain the difference between 22.7 eV and 8 eV spectra 
only by matrix elements because the spectra are com- 
pletely different. In the low photon energy spectra [Fig. 
[Tfd)] in the superconducting state, the edge feature at 
10-15 meV expands to an extremely wide momentum 
range on the Brillouin zone boundary. This anomalously 
flat feature in momentum space is difficult to interpret 
as the intrinsic dispersion in the superconducting state. 
This is because in the true normal state above T* in the 
same Pb-Bi2201 system^!, a simple parabolic dispersion 
has been observed, and one can easily calculate how the 
band would look after the opening of a 15 meV super- 
conducting gapi Also, the band bottom at(7r, 0) in the 
true normal state is at ~ 20 meV— and the opening of 
a superconducting gap should shift the band bottom fur- 
ther away from Ep. Thus, one expects the lowest energy 
feature at (tt, 0) to be >20 meV. However, the lowest 
energy feature is at 10 - 15 meV, smaller than the 20 
meV band bottom in the true normal state. Further, the 
coexistence of the 10 - 15 meV feature and the 30 meV 
feature needs to be understood if the 10 - 15 meV feature 
is intrinsic. However, it has been indicated that there is 
no theory supporting such coexistence (Ref. [H). These 
unusual behaviors make it difficult to interpret the 10 - 
15 meV feature as the intrinsic gap feature. 

Instead, the anomalous observation at 8 eV can be bet- 
ter explained by considering background effects, which 
can become a substantial part of the spectrum if the 
intrinsic signal intensity is strongly suppressed by ma- 
trix element effects. We applied simple, conventional 
momentum-independent background subtraction analy- 
sis, which has previously been applied to ARPES. Note 
that the momentum independent background has been 
assumed in MDC fitting of the ARPES spectra in gen- 
eral. As shown in Figs. 1(e) and (f), we assumed the 
EDC at k y = 0.4±0.01 (V/a), far from relevant fea- 



tures, as the momentum independent background EDC, 
and subtracted the background EDC from all the raw 
EDCs, similar to previous ARPES studies 2 ^—. After 
the background EDC subtraction, the ARPES images 
at 8 and 22.7 eV are more similar. The EDCs [Figs. 
[Tf b) and (f)] also exhibit quantitative similarity. A gap 
feature at ~ 30 meV is clear around (tt, 0), and be- 
comes weaker away from kp. The higher energy feature 
located at ~ 85 meV at (tt,0) seems to be dispersive. 
In addition, the feature which exists at 10 - 15 meV 
in the raw spectra disappears after background subtrac- 
tion. These results are robust against the momentum 
chosen for the background EDC if the momentum is suffi- 
ciently away from kp (|k y |>0.25). Some negative values 
in the background-subtracted EDCs at higher binding 
energy suggest that the background is overestimated at 
higher binding energy, which could be due to the effect of 
shadow band o 26 ' 27 . Polarization dependence in a future 
study might be important for further understanding of 
such effects and to obtain more accurate background in- 
tensity at higher binding energy. However, this does not 
affect the features closer to Ej?, which are of interest in 
the present study. 

To further confirm the robustness of the result, we ap- 
plied a different background subtraction to the same data 
set as shown in Figs. 1(g)- (i). Here we assumed the 
smallest intensity for the momentum distribution curve 
(MDC) at each energy as background signal [Fig. l(i)]. 
The background spectrum obtained from the MDC anal- 
ysis is shown at the bottom of Fig. 1(h), which is qualita- 
tively similar to the background spectrum in Fig. 1(d). 
The image and EDCs after the MDC background sub- 
traction are shown in Figs. 1(g) and (h), respectively. 
One can see that all the energy features of interest are 
consistent with the result of the background subtraction 
in Figs. 1(e) and (f). In particular, the lowest energy fea- 
ture after the MDC background subtraction is at ~ 30 
meV and the 10 - 15 meV edge feature is absent. This 
MDC background subtraction also avoids the unphysical 
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negative value in the background-subtracted EDCs from 
the method used in Figs. 1(e) and (f). Because we do 
not find difference in our conclusion between the two dif- 
ferent background subtractions, we present the result of 
the simplest background subtraction [Fig. 1(e) and (f)] 
in the rest of this study. 

We emphasize that similar background subtrac- 
tion procedures have been applied to ARPES spectra 
successfully^— , with the background mainly attributed 
to electrons which have lost their momentum information 
in the solid. The background signal has been especially 
well studied in Ref. [22| and it has been shown that the 
background spectra themselves are gapped in a gapped 
state, reflecting "average" or "integrated" gap size (with 
weighting from different original momenta given by ma- 
trix elements), and have clear temperature dependence. 
This gives further evidence that the momentum indepen- 
dent 10 - 15 meV edge feature in the raw spectra, which 
is clearer away from kp and disappears after the analy- 
sis, is a background signal reflecting the averaged gap size 
in momentum space. The spectral lineshapes around 10 
meV near k^ look slightly different from those away from 
kp because the weak and broad 30 meV intrinsic feature 
exists on top of the 10 - 15 meV background feature. 
As demonstrated here, a simple background subtraction 
is sufficient to detect intrinsic features. This also sug- 
gests that matrix elements suppress the intrinsic feature 
strongly in the antinodal region at low photon energies, 
different from the nodal region^. 

Figure [5] shows the detailed photon energy dependence 
of the antinodal cut of Pb-Bi2201 from 8 eV to 22.7 eV, 
before and after the background subtraction. In the raw 
data, there is a general trend that the spectra become 
more broad and featureless at lower photon energy. One 
might naively assume that different photon energies de- 
tect different electronic states from these raw images. 
However, after the background subtraction, the spec- 
tra look more similar. The inverted-triangle-like shape 
around (7r,0) can be robustly observed at different pho- 
ton energies. This further validates that the the analysis 
can eliminate the background signals and illuminate the 
intrinsic spectral function. 

The background subtracted EDCs at characteristic 
momenta, kp and (7r,0), are displayed in Fig. [3] All 
the EDCs robustly show the coexistence of two en- 
ergy features at ~ 30 meV and ~ 85 meV at (n,Q)2&. 
The EDCs at 22.7 eV and 8 eV exhibit similar en- 
ergy scales as overlaid in the figure. This suggests that 
the coexistence of two order parameters, the pseudo- 
gap and superconductivity^, is robust against photon en- 
ergy. This coexistence is different from the coexistence 
of ~15 and ~30 meV gaps in the antinode discussed in 
Ref. [12 where the two gaps coexist without interaction. 
We note that, in the intermediate photon energies, 14-17 
eV, strong shadow band effect a 26 i make the evaluation 
of the background difficult (not shown). However, im- 
portantly, the 30 meV gap feature remains robust even 
without any background subtraction at these photon en- 
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FIG. 3. Photon energy dependence of the EDCs at and 
(7r,0) after the background subtraction analysis, (a) EDCs at 
k F (-) (b) EDCs at O,0) (c) EDCs at k F (+). Dashed curves 
overlaid to spectra at hv = 8 eV are the 22.7 eV EDCs. Dot- 
ted lines at 30 meV and 85 meV are eyeguides for the two 
spectral features. 
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FIG. 4. Deviation from the canonical d-wave form in laser 
ARPES data (hp = 7 eV) (a) Symmetrized raw EDCs on the 
Fermi surface. Blue markers are the guides to eyes for the 
weak intrinsic gap feature at intermediate momenta, and the 
dashed line at 10 meV is the guide to eyes for the compar- 
ison between the spectrum at the antinode and at different 
momenta. (b) Symmetrized EDCs after the background sub- 
traction. Fitted curves are overlaid, (c) Gap function ob- 
tained from symmetrized EDCs before and after background 
subtraction. Integrated background EDC is obtained by av- 
eraging the entire measured spectra. Inset shows the Fermi 
surface intensity plot. Fermi momenta and background EDC 
momenta (BG1 and BG2) are also shown. 



ergies. 

We study the gap function using 7 eV laser ARPES 
to further confirm the strong background signal in the 
antinode and the deviation of the gap function from a 
simple d-wave. The symmetrized EDCs along the FS 
are plotted in Fig. Ufa). The measurement covers from 
~20 ° away from the node in Fermi surface angle, where 
superconducting quasiparticle peaks are clearly visible, 
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to the antinode, where they are not, as mapped in Fig. 
IDJd). Due to the experimental setup, the entire FS is not 
covered. Without any background subtraction, the peak 
feature quickly becomes weaker towards the antinode. 
Near the node, one can fit the symmetrized EDCs to 
a commonly used phenomenological model^, as shown 
in Fig. H]Ja), but moving towards the antinode, it soon 
becomes impossible to fit without assuming a background 
signal. However, in the intermediate momenta, one can 
still see a weak intrinsic gap feature at higher energy 
than the 10 - 15 meV feature at the antinode in the raw 
spectrum. If the 10 - 15 meV feature at the antinode is 
intrinsic, the gap function becomes non-monotonic and 
this is unlikely. 

We applied the same background subtraction method 
to these spectra and the results are shown in Fig. 0Jb). 
Here we assumed a common background EDC for the en- 
tire FS, as indicated as BG1 in Fig. QJd). Note that we 
measured a cut for the background EDC near the antin- 
ode due to the limitation of the acceptance angle of the 
analyzer. After the background subtraction, as shown in 
Fig. QJb), all the symmetrized EDCs show a peak feature 
which allows us to fit the EDCs to the phenomenologi- 
cal model, and the fitting results in red are overlaid to 
the fitted spectra. The gap magnitude derived in this 
manner is plotted as a function of momentum in Fig. 
3]Jc). In the intermediate momentum region (~20 ° away 
from the node in FS angle), the gap magnitudes are con- 
sistent with a d-wave gap function with Ao ~15 meV, 
both in the raw and background-subtracted EDCs, sug- 
gesting that the background signal is not very strong. 
However, approaching the antinode, the gap function de- 
rived from the background-subtracted spectra clearly and 
smoothly deviates from a simple d-wave form, and shows 
maximum gap size of ~30 meV at the antinode. The 
EDCs are nearly momentum independent in the entire 
Brillouin zone when sufficiently away from the disper- 
sion. We found that the background EDC (BG2) ob- 
tained at a different momentum [Fig. SJd)] results in a 
consistent gap function as shown in Fig. E{c). Further, 
a similar gap function can be obtained when we choose 
an EDC obtained by averaging the entire measured mo- 
menta as background [Fig. Sfc)], supporting the idea 
that the background is the result of scattered electrons 
that lost their momentum information. Also, note that 
the conclusion does not seem to be strongly affected by 
the incident photon polarization (linear polarization for 
Fig. 1-3 and circular polarization for Fig. 4), but fu- 
ture polarization-dependence study might be important 
to further understand the nature of the background. This 
analysis further confirms the strong background signal in 
the antinodal region and the photon-energy-independent 



gap function which shows a deviation from a simple d- 
wave in the antinodal region. 

There might remain a small possibility that the con- 
tradictory low photon energy reports suggesting a simple 
d-wave gapi°-~— are due to subtle material, doping or ex- 
perimental condition differences. However, the present 
result suggests that these contradictory results could be 
reconciled by considering a strong background signal. 
The smooth momentum dependence of the gap function 
reported with low photon energies could reflect the in- 
trinsic gap feature being overwhelmed gradually by the 
background signal with a gap-like structure at 10 - 15 
meV, going from the node to the antinode. Taking into 
account that the other single-layer cuprates also show a 
deviation from the canonical d-wave form in the antin- 
odal regio n 20,21 ! , it is advisable to revisit the low photon 
energy ARPES studies by taking into account the strong 
contribution of the background signals which could con- 
taminate the intrinsic gap signal. 

In scanning tunneling spectroscopy (STS), the coexis- 
tence of two energy scales has been suggeste d 10 ' 29 ' 30 , sim- 
ilar to ARPES. However, how they coexist in momentum 
space is not clear from STS because the STS spectra are 
momentum integrated with matrix elements^. Neverthe- 
less, an attempt to extract the momentum dependence 
of the gap has suggested that the gap function deviates 
from a simple d-wave form in the antinodal region 3 —, sup- 
porting the present result. 

IV. CONCLUSION 

In summary, our photon energy dependence study re- 
vealed that the antinodal ARPES spectra are strongly 
influenced by background intensity at low photon energy. 
With the background subtraction analysis, we showed the 
robustness the two coexisting energy scales for pseudo- 
gap and superconductivity at the antinode. Thus, the 
gap function deviates from a simple d-wave form at the 
antinode, and the data are inconsistent with a simple ex- 
tension of the d-wave nodal gap to the antinode. Instead, 
our results suggest that the spectral gap is distorted due 
to the competition between the pseudogap, a distinct or- 
der from superconductivity with a broken-symmetry na- 
ture, and superconductivity. 
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